The glass-forming ability of Zr-Ti-Be ternary alloys has been evaluated by coupling the Davies-Uhlmann kinetic formulations with the CALPHAD approach. In the computations, time-temperature-transformation (TTT) curves were obtained, which are a measure of the time necessary for the formation of detectable amounts of a crystalline phase from a supercooled liquid as a function of temperature. The critical cooling rates were calculated from the TTT curves, and these enabled us to evaluate the glass-forming ability of this ternary alloy. The driving force for the crystallization of the crystalline phases was derived from the Gibbs energy functions of each phase, where thermodynamic calculations were carried out using a simple ternary extrapolation of the binary data sets with no solubility of the third element in the binary phases except for the liquid, hcp, and bcc phases. The evaluated glass-forming compositional range was in good agreement with experimental data from the Be-rich side. However, the calculated critical cooling rates for some alloys were too low. The validity of the ideal mixing of the metastable ZrBe(B2) and TiBe(B2) phases, and the possibility of the formation of the ternary B2 phase are also discussed from an ab initio energetic point of view, and the critical cooling rates were recalculated assuming an ideal mixing of the metastable ZrBe(B2) and TiBe(B2) phases. The results show that the magnitude of the calculated values achieved was reasonable.
Introduction
Much research has been carried out on Zr-based metallic glasses since Inoue et al. discovered a wide supercooled liquid region in Zr-Cu-Al alloys. 1) Among these alloys, Zr 41:2 Ti 13:8 Cu 12:5 Ni 10:0 Be 22:5 metallic glass, developed by Peker and Johnson, 2) exhibits an exceptional glass-forming ability and thermal stability with respect to its crystallization, so that large bulk ingots with diameters of about 14 mm can be obtained using cooling rates of less than 10 K/s (and usually 1 K/s).
3) Therefore, this metallic glass has become the most widely used commercial bulk metallic glass, and is marketed under the trade name of Vitreloy 1.
The Zr-Ti-Be ternary system is one of the basic constituent systems relevant to Be-containing Zr-based metallic glasses. Tanner and Ray first reported on Zr-TiBe metallic glasses, 4) and determined the experimental glassforming compositional range (GFR) at cooling rates of 10 5 -10 7 K/s. 5) Although some experimental studies were carried out later, [6] [7] [8] [9] the available information mainly concentrates on the GFR, glass transition temperature, T g , and crystallization temperature, T x . Therefore, more quantitative information on the glass-forming ability of this ternary metallic glass such as critical cooling rates for glass formation is useful for understanding its thermal stability and for further development of Be-containing Zr-based metallic glasses.
Saunders et al. have evaluated the glass-forming ability of Zr-Ti-Be alloys by coupling thermodynamic phase diagram calculations with a kinetic approach, 10, 11) but the thermochemical properties of the individual phases appearing in this ternary system were not evaluated quantitatively. In addition, the intermetallic compound phases, Ti 4 Be 5 , Ti 2 Be 13 , and TiBe 10 , which were recently identified by Ohnuma et al., 12) were not taken into account.
Thus, we have carried out thermodynamic analysis of the Zr-Be and Ti-Be systems based on the thermodynamic properties of each phase, including the metastable ZrBe(B2) and TiBe(B2) phases, from ab initio calculations. 13, 14) The aim of this study was to evaluate the glass-forming ability of Zr-Ti-Be ternary alloys by incorporating the thermochemical properties from our phase diagram calculations into the Davies-Uhlmann kinetic approach. 15, 16) In addition, we verified, from an ab initio energetic point of view, that both an ideal mixing of the metastable ZrBe(B2) and TiBe(B2) phases and the formation of the ternary B2 phase in the equilibrium state were possible.
The paper is organized as follows. In the next section, the methods used to calculate the phase diagrams and the critical cooling rates for glass formation are briefly explained. The ensuing section begins by discussing the calculated phase diagrams, and then, the critical cooling rates are calculated using a simple ternary extrapolation of the binary data sets with all the intermediate phases being pure binary phases. Then, the possibility of the formation of the ternary B2 phase is discussed. The conclusions section ends the paper.
Calculation Procedures

Thermodynamic descriptions
The Calculation of Phase Diagrams (CALPHAD) approach, 17, 18) where phase diagrams are constructed using experimental data and thermodynamic analysis, provides a powerful tool for obtaining information about phase equilibria and the thermodynamic properties of alloy systems. It can predict phase equilibria and the thermodynamic properties of multi-component alloy systems using information from mainly constituent binary systems. However, this approach has the disadvantage that it is difficult to obtain information on metastable phase equilibria, or on unknown phases, since the thermodynamic parameters to be evaluated are based on experimental data. To solve such problems, the thermodynamic properties from ab initio calculations can be incorporated into the conventional CALPHAD method, as will be described in detail below.
Initially, the Gibbs energy of individual phases in the ZrTi-Be system will be described in this section. The Gibbs energies of the liquid and hcp (-Zr, -Ti, and -Be) phases were described using the conventional regular solution approximation model as follows
where G 0 i denotes the Gibbs energy of element i in the 0 phase, and is called the lattice stability. The descriptions of the lattice stability parameters were taken from the Scientific Group Thermodata Europe (SGTE) data file. 19) The term R is the universal gas constant, and x Be , x Ti , and x Zr are the mole fractions of Be, Ti, and Zr, respectively. The interaction energy between i and j in the 0 phase is denoted by L 
For example, in the case of the Zr-Be binary system, the Gibbs energy of the 0 phase is given by an equation similar to eq. (1), with x Ti ¼ 0.
The metastable B2 ordered bcc phases, ZrBe(B2) and TiBe(B2), form experimentally and/or theoretically in the Zr-Be 13) and Ti-Be 14, 20) systems, respectively, and thus, to describe the B2 ordering state in the Zr-Be and Ti-Be binary systems, the Gibbs energy of the binary bcc phase was represented using the two-sublattice model 21) with the formula (M,Be) 0:5 (M,Be) 0:5 (where M represents Zr or Ti). Note that the Gibbs energy of the ternary bcc phase was described using eq. (1) for reasons given at the end of this section. The Gibbs energy of the binary bcc phase was described using the following equation
The term y s i denotes the site fraction of element i on the s th sublattice, G bcc i; j denotes the Gibbs energy of a hypothetical compound i 0:5 j 0:5 , and ex G bcc is the excess Gibbs energy term containing the interaction energy between unlike atoms, and is expressed by the following equation
where L i; j:k (or L i: j;k ) is the interaction parameter between unlike atoms on the same sublattice.
With regard to the stoichiometric compound phases, M m Be n (where M represents Zr or Ti), the Gibbs energy was described relative to the pure elements in their stable states at the standard temperature as follows 
where the coefficients A and B are optimized from experimental data. That is equivalent to the heat capacities of the stoichiometric compound phases approximated by Kopp-Neumann's rule. The thermodynamic parameters of the Zr-Be and Ti-Be systems were taken from our previous works, 13, 14) where the thermodynamic properties from ab initio calculations were incorporated.
In our ab initio calculations, the energy of formation for the intermetallic compound phases and the bcc-based ordered phases (M 3 Be-D0 3 , MBe-B2, MBe-B32, and MBe 3 -D0 3 ) was calculated using the WIEN2k software package, 22) based on the Full Potential Linearized Augmented Plane Wave (FLAPW) method. The calculations were based on the structural data compiled by Villars. 23) For the Ti 4 Be 5 , Ti 2 Be 13 , and TiBe 10 phases, we did not perform ab initio calculations due to a lack of information on the structural data, and so evaluated their thermodynamic parameters based on the phase diagram data. The Gibbs free energy of formation for the bcc phase was obtained using the Cluster Expansion Method (CEM) 24, 25) and the Cluster Variation Method (CVM), 26) as explained in detail in previous papers. 13, 14, 27) It is noteworthy that metastable (A2 þ B2) phase separation occurred in the Zr-rich or Ti-rich regions in the Zr-Be and Ti-Be binary systems. The parameters of the Zr-Ti system were taken from the assessment of Kumar et al. 28) Since no experimental data for this ternary system are available in the literature, we used a simple ternary extrapolation of the binary data sets with no additional ternary thermodynamic parameters, and the intermetallic compound phases, including both the metastable ZrBe(B2) and TiBe(B2) phases, were treated as pure binary phases.
Kinetic formulations
In this study, we obtained the critical cooling rate for glass formation from time-temperature-transformation (TTT) curves based on the Davies-Uhlmann formulations 15, 16) for steady state homogeneous nucleation. In the DaviesUhlmann treatment, the time, t, required for the formation of 2932 T. Tokunaga, H. Ohtani and M. Hasebe a crystalline phase of volume fraction, X, is given by following equation:
where is the viscosity of the liquid, k is the Boltzmann constant, T is the transformation temperature, a 0 is the mean atomic diameter, N v is the number of atoms per unit volume, and R is the universal gas constant. The fraction of sites on the interface where atoms may preferentially be added and moved is denoted by f , and is given by the following expression 16) 
where T m is the liquidus temperature. G m is the molar free energy driving force for the liquid to crystallize. G Ã is the free energy barrier for nucleation of a spherical nucleus, and is given by the expression
where N is Avogadro's number and ' m is the liquid/crystal interfacial energy per molar surface area. The term ' m is related to the molar heat of fusion, H f m , 29) and can be expressed as
The value of ¼ 0:41, which has been empirically evaluated by Saunders and Miodownik, 11) was adopted in this study. To calculate eq. (8), it is necessary to obtain the quantities , G Ã , and G m . The viscosity was estimated using the Doolittle expression, 30) involving the relative free volume and the hole formation energy. Since there are few experimental data on the T g values required to estimate the viscosity, we assumed that T g changed linearly for a constant Be content, and estimated the values of T g based on the experimental data on Zr-Ti-Be ternary alloys. 5, 7) In previous studies, 13, 14) the T g values of Zr-Be alloys were taken from experimental data, 20) whereas those of Ti-Be alloys were assumed to be T g ¼ 673 K, and independent of Be content. The glass transition temperatures used in this study are shown in Table 1 .
The molar free energy driving force for the liquid to crystallize, G m , can be obtained from the thermodynamic phase diagram calculations. Although several attempts to model an amorphous phase have been carried out, [31] [32] [33] [34] [35] we Evaluation of Glass-Forming Ability of Zr-Ti-Be Ternary Alloysdescribed a supercooled liquid phase by extrapolation of its high temperature properties in this study. Figure 1 shows the calculated Gibbs energy of the liquid, the A2 disordered bcc, ZrBe(B2), hcp, and ZrBe 2 phases in the Zr-Be system at T ¼ 623 K, representing relative stability of ZrBe 2 , and the method used to derive the driving force for crystallization of ZrBe 2 from a supercooled liquid of composition
hcp , and G ZrBe 2 denote the Gibbs energy of the liquid, the A2 disordered bcc, ZrBe(B2), hcp, and ZrBe 2 phases, respectively. The partial molar Gibbs energy of Zr and Be in the liquid phase at x Be ¼ 0:35 is denoted by G G L Zr and G G L Be , respectively, and these represent the chemical potential of each element. In Fig. 1 , there is a driving force for crystallization of the ZrBe 2 phase given by the following equation In Fig. 1 , the x 0 limit is also shown, where x 0 denotes the composition at which the liquid and the disordered bcc phase have the same Gibbs energy, and the variation of x 0 with temperature is called the x 0 -T 0 or T 0 curve.
For a given Be content below x 0 , the transformation from the liquid to the disordered bcc phase occurs, since no longrange diffusion is necessary for a transformation of the liquid to the solid. This forms the basis for the T 0 or x 0 criterion for glass-forming ability. 36) In this study, the temperature dependence of G m was approximated as linear using the following expression
The value of G Ã can be derived by inserting the value of H f m into eq. (11), and then, using the calculated value of ' m in eq. (10) .
The TTT curves were calculated for Zr-Ti-Be alloys using the values of , G Ã , and G m derived from the procedures described above. In our calculations, the constants in eq. (8) were taken to be a 0 ¼ 0:28 Â 10 À9 m, X ¼ 10 À6 , and N v ¼ 5 Â 10 28 atoms/m 3 . The critical cooling rates, R c , were calculated using the following equation
where T n and t n are the temperature and time at the nose of the TTT curves, respectively. The critical cooling rate was found to be overestimated by a factor of 10 using the TTT curve rather than the continuous-cooling-transformation (CCT) curve. 37) With regard to the glass transition temperature, we assumed linear changes occurred for a constant Be content, and that a variation in the glass transition temperature by 50 K could affect the viscosity around the nose temperature by less than an order of magnitude. Consequently, using the two approximations above, it is possible that the calculated critical cooling rate was overestimated by as much as two orders of magnitude.
Results and Discussion
Calculated phase diagrams of the binary and
ternary systems The calculated Zr-Ti, Zr-Be, and Ti-Be phase diagrams are shown in Figs. 2(a), (b) , and (c), respectively, based on previous assessments. 13, 14, 28) In the latter two diagrams, the metastable phase equilibria between the B2 ordered bcc phase and the liquid phase are also shown. The glass-forming ability is relevant to the liquidus temperatures, and information on the phase equilibria involving the liquid phase is useful as a first step in the evaluation of the glass-forming ability. The calculated liquidus surface projection is shown in Fig. 3 , and the compositional range where the liquidus temperatures are relatively low is consistent with the observed GFR, as illustrated by the shaded areas. 5) As mentioned in Section 2.1, our phase diagram calculations on the Zr-Ti-Be ternary system were based on simple extrapolation of the constituent binary systems with no additional ternary thermodynamic parameters.
Evaluation of the glass-forming ability
The calculated TTT curves for crystallization from the liquid phase of Zr 10 Ti 50 Be 40 (No. 23 in Table 1 ), are shown in Fig. 4 . According to our calculations, the metastable TiBe(B2) phase controls glass formation in this alloy, since the nose of the TTT curve for that phase is located at shorter times than those of other crystalline phases. Using eq. (14), the critical cooling rate for glass formation was calculated to be 2:8 Â 10 6 K/s. The calculated critical cooling rates and the crystalline phases controlling glass formation in Zr-TiBe ternary alloys are listed in Table 1 . The calculated values for alloys 13, 14, 15, 16 , and 20 seem to be too small, and the reason for this will be discussed in the following section.
In Fig. 5 , the calculated critical cooling rates for glass is also illustrated by the shaded areas. In our calculations, the glass-forming ability on the ZrTi side and the Be-rich side was evaluated using the T 0 criterion and the critical cooling rates, respectively. By considering that alloys with lower values of critical cooling rates have higher glass-forming ability, and on setting the cooling rate for rapid-quenching to R c ¼ 10 7 {10 7:5 K/s, as estimated in previous studies, 5, 20) a good agreement was achieved between the calculated and experimental GFR on the Be-rich side, whereas agreement between the predictions based on the x 0 limit and the experimental data on the Zr-Ti side was not good. The x 0 limit was determined from the relative position of the Gibbs energy curve for the liquid and the bcc phases, and agreement between the calculated and experimental data could be attained by introducing ternary thermodynamic parameters for the liquid and/or bcc phases. However, there is no information on the ternary phase equilibria involving the liquid and/or the disordered bcc phases. Thus, the additional parameters were not taken into account in this study. Further experimental work is needed to clarify this disagreement.
The possibility of formation of the ternary B2 phase
In the above calculations, a mixing of the metastable ZrBe(B2) and TiBe(B2) was not taken into account. However, the mixing of these phases is likely to occur as they have the same crystal structure, and therefore, phase diagram calculations were attempted using a simple ternary extrapolation of the binary data sets with an ideal mixing of the metastable B2 phases. In addition, an ideal mixing between the Zr 2 Be 17 and the Ti 2 Be 17 phases was also assumed, because both phases have the same crystal structure (Be 17 Nb 2 -type). Fig. 2 The calculated phase diagrams of the: (a) Zr-Ti, 28) (b) Zr-Be, 13) and (c) Ti-Be 14) binary systems.
Evaluation of Glass-Forming Ability of Zr-Ti-Be Ternary Alloys
To take into account the formation of the ternary B2 phase, the Gibbs energy of the bcc phase was represented using the two-sublattice model with the formula (Zr,Ti, Be) 0:5 (Zr,Ti,Be) 0:5 . Following the procedure demonstrated by Saunders, 39) the description of the bcc phase of the Zr-Ti system was converted from the regular solution approximation into the two-sublattice model shown in eq. (4), which was compatible with those of the Zr-Be and Ti-Be systems.
The calculated isothermal section diagram at T ¼ 1073 K is shown in Fig. 6 . The results showed that although the ZrBe(B2) and TiBe(B2) phases were metastable in the Zr-Be and Ti-Be binary systems, respectively, the ternary B2 ordered bcc phase appeared as an equilibrium phase in the central compositional region, and that an (A2 þ B2) twophase region was formed. This two-phase region was formed in the temperature range T ¼ 867{1242 K, and the ternary B2 phase appeared at T $ 663 K and existed up to the melting temperature. The calculated isothermal section diagrams of this ternary system have been given in the studies of Kaufman and Tanner. 40) However, the Ti 4 Be 5 , Ti 2 Be 13 , and TiBe 10 phases were not present in Kaufman and Tanner's work, and the bcc-based ordered B2 phases were not explicitly taken into account.
To verify our assumption of the ideal mixing of the metastable ZrBe(B2) and TiBe(B2) phases, the phase stability of Be 2 ZrTi with a bcc-based L2 1 ordered structure was evaluated using ab initio energetic calculations. The L2 1 phase is usually defined as a ternary intermetallic compound. For example, Ni 2 AlTi(L2 1 ) was found to form in the NiAl(B2)-NiTi(B2) pseudobinary system. 41) The structure of the L2 1 phase is constructed from eight B2 cells, as illustrated in Fig. 7 . The calculated energy of formation of Be 2 ZrTi(L2 1 ) is shown in Fig. 8 , together with those of ZrBe(B2) and TiBe(B2), where each value is referred to as bcc Zr, bcc Ti, and bcc Be. According to these results, the Be 2 ZrTi(L2 1 ) phase was only slightly unstable with respect to the ideal mixing of ZrBe(B2) and TiBe(B2) (shown by the broken line in Fig. 8) .
The calculation of the total energy of Be 2 ZrTi(L2 1 ) with spin-polarization was also carried out, but the energy of formation of the ferromagnetic state was found to be almost the same as that of the non-magnetic state. The equilibrium lattice parameters were, a ¼ 0:6110 nm. Half of this value is almost equal to the averaged lattice parameters of ZrBe(B2) (where a ¼ 0:3164 nm) 13) and TiBe(B2) (where a ¼ 0:2934 nm), 14) and the change in lattice parameter in the ZrBe(B2)-TiBe(B2) pseudobinary system obeys Vegard's law. These findings indicate that the Zr and Ti atoms prefer random mixing in the sublattice of the B2 cell rather than ordering, and that no miscibility gap occurs in the ZrBe(B2)-TiBe(B2) pseudobinary system. Therefore, the ideal mixing of ZrBe(B2) and TiBe(B2) seems to be reasonable, and may provide a possibility for the formation of the ternary B2 phase in the equilibrium state.
In the NiAl(B2)-CoAl(B2) pseudobinary system, a continuous series of solid solutions forms rather than Al 2 NiCo(L2 1 ), 42) and an ideal mixing behaviour in the NiCo binary system 43) is likely to prevent the ordering of Ni and Co atoms to form Al 2 NiCo(L2 1 ). The fact that the Zr-Ti binary system also indicates a preference for ideal mixing behaviour 28) may lend support to the ideal mixing of ZrBe(B2) and TiBe(B2). Figure 9 shows the metastable (A2 þ B2) phase separation at T ¼ 673 K. If crystallization of the intermetallic compounds from the supercooled liquid phase is suppressed around the glass transition temperature, then the supercooled liquid phase becomes unstable with respect to both the A2 and B2 bcc phases, and metastable (A2 þ B2) phase separation is likely to occur.
Indeed Grüne et al. have reported on the glass phase separation in a Zr 10 Ti 50 Be 40 alloy using an atom probe analysis technique. 7) Their results show that there were two compositionally distinct regions in the glass state: a Tienriched region with a depleted Be content, and a Beenriched region with a depleted Ti content. The Zr content was found to be the same in both regions. For Zr 10 Ti 50 Be 40 , the composition of both the A2 and B2 bcc phases was calculated to be Zr 24 Taking into account the formation of the ternary B2 phase, the TTT curves were then recalculated. It is noteworthy that Be ZrTi(L2 ) 2 1 TiBe(B2) Fig. 7 The crystal structures of the ZrBe(B2), TiBe(B2), and Be 2 ZrTi(L2 1 ) phases. Evaluation of Glass-Forming Ability of Zr-Ti-Be Ternary Alloysthe driving force for crystallization of the ternary B2 phase was calculated with respect to the composition at which the maximum value of the driving force was attained. The calculated critical cooling rate is shown in Table 2 . The ternary B2 phase controls the glass formation for all the alloys listed in Table 2 , and the other alloys gave the same results as those listed in Table 1 . The recalculated critical cooling rates for glass formation are plotted along the calculated liquidus surface projection in Fig. 10 . It is noted that the primary crystal surface for the ternary B2 phase appears in the central compositional region. According to these results, the formation of the ternary B2 phase affects the glass-forming ability of this ternary metallic glass, and the magnitude of the calculated values seems to be reasonable when compared with the data as shown in Table 1 . Therefore, it is very likely that taking account of the formation of the ternary B2 phase is required for evaluation of the glassforming ability of Zr-Ti-Be ternary alloys.
Conclusions
We have evaluated the glass-forming ability of Zr-Ti-Be ternary alloys by introducing the thermodynamic properties from phase diagram calculations into the Davies-Uhlmann kinetic formulations. Furthermore, the possibility of the formation of the ternary B2 phase was discussed. The results can be summarized as follows:
(1) The calculated glass-forming compositional range (GFR) agreed with the experimental range on the Berich side, whereas the calculated GFR on the Zr-Ti side was not consistent with experimental data. (2) The ideal mixing between of the metastable ZrBe(B2) and TiBe(B2) phases was found to be valid from an ab initio energetic point of view. (3) The calculated phase diagrams of the Zr-Ti-Be ternary system showed the possibility of the formation of the ternary B2 phase in the equilibrium state and the (A2 þ B2) two-phase region for T ¼ 867{1242 K. bcc (A2) bcc(A2) Fig. 9 The calculated metastable A2/B2 phase equilibria in the Zr-Ti-Be system at T ¼ 673 K. Table 2 , and the others refer to those listed in Table 1 . 2938 T. Tokunaga, H. Ohtani and M. Hasebe
